Whether endogenous neurogenesis occurs in the adult cortex remains controversial. An increasing number of reports suggest that doublecortin (DCX)-positive neurogenesis persists in the adult primate cortex, attracting enormous attention worldwide. In this study, different DCX antibodies were used together with NeuN antibodies in immunohistochemistry and western blot assays using adjacent cortical sections from adult monkeys. Antibody adsorption, antigen binding, primary antibody omission and antibody-free experiments were used to assess specificity of the signals. We found either strong fluorescent signals, medium-weak intensity signals in some cells, weak signals in a few perikarya or near complete lack of labeling in adjacent cortical sections incubated with the various DCX antibodies. The putative DCX-positive cells in the cortex were also positive for NeuN, a specific marker of mature neurons. However, further experiments showed that most of these signals were either the result of antibody cross reactivity, the non-specificity of secondary antibodies or tissue autofluorescence. No confirmed DCX-positive cells were detected in the adult macaque cortex by immunofluorescence. Our findings show that DCX-positive neurogenesis does not occur in the cerebral cortex of adult primates, and that false-positive signals (artefacts) are caused by antibody cross reactivity and autofluorescence. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Institute of Neuroscience, Beijing, China (approval No. IACUC-AMMS-2014-501).
Introduction
Because of the importance of the neocortex and its intricate connections, endogenous neurogenesis in the cerebral cortex of adult primates has attracted enormous attention worldwide for the treatment of neurological disease and aging. Previous studies using BrdU labeling reported endogenous neurogenesis in the cerebral cortex of adult primates (Gould et al., 1999; He et al., 2019) . However, Kornack and Rakic showed that the so-called endogenous neurogenesis in the adult primate cortex was caused by the spatial overlap of BrdU-positive nuclei and the perikarya of NeuN-positive neurons, leading to the wrong conclusion (Kornack and Rakic, 2001; Rakic, 2002) . Numerous reports have subsequently described the presence or absence of endogenous neurogenesis in the cerebral cortex of nonhuman primates by doublecortin (DCX) immunolabeling (Qin et al., 2000; Fung et al., 2011; Nacher and Bonfanti, 2015) . DCX is a microtubule and actin filament-associated protein (Dhaliwal et al., 2015; Moslehi et al., 2017; Han et al., 2018; Zhou et al., 2019) . Because of its specific expression in neural precursors and newly-generated immature neurons in many brain regions of both developing and adult mammals, DCX has been used as a specific marker of neural precursors and immature neurons to evaluate potential endogenous neurogenesis in the adult brain (Francis et al., 1999; Gleeson et al., 1999; Brown et al., 2003; Schaar et al., 2004; Tsukada et al., 2005; Fournier et al., 2018; Shahsavani et al., 2018) . Using DCX immunolabeling, a few studies reported that DCX-positive immature neurons are not detectable in the cerebral cortex of adult primates (Bonfanti and Nacher, 2012; Stanton et al., 2015) . However, the overwhelming majority of studies have reported that DCX-positive cells persist in the neocortex of adult primates (Liu et al., 2008 (Liu et al., , 2018 Cai et al., 2009; Zhang et al., 2009; Bloch et al., 2011; Stanton et al., 2015; Fasemore et al., 2018) , although some with some uncertainty (Feliciano et al., 2015; Lipp and Bonfanti, 2016) . Along with the further increase in these studies (Abrous et al., 2005) , DCX-positive neurogenesis in the brain has again aroused the attention of the public. However, more recently, there have been contradictory findings on the presence of endogenous DCX-positive neurogenesis in the adult human hippocampus (Ehninger and Kempermann, 2008; Lipp and Bonfanti, 2016; Boldrini et al., 2018; Kempermann et al., 2018; Tobin et al., 2019) . Based on DCX labeling of sheep brain sections, Piumatti et al. (2018) proposed a new form of brain structural plasticity, as they found that the DCX-expressing cells are generated prenatally and remain in a state of immaturity for long periods. However, it is unclear why and how these "immature neurons" exhibiting a morphology and markers typical of mature neurons have not yet differentiated into mature neurons in the adult cortex.
It remains poorly understood why there are contradictory findings on endogenous neurogenesis in the adult primate cortex by DCX antibody labeling. To our knowledge, no one has yet raised concerns over the specificity of DCX antibodies used in these published studies. Therefore, in the present study, we investigated whether some of these inconsistencies are caused by non-specific immunolabeling.
Materials and Methods

Animals
Six adult rhesus macaques (Macaca mulatta), 9-10-years-old, were provided by Beijing Primas Biotech Co., Ltd., Beijing, China (SCXK(Jing) 2018-0001). All animals were maintained on a 12-hour day/night cycle with lights on at 06:00, at 24°C with 30-50% relative humidity. The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Institute of Neuroscience, Beijing, China (approval No. IACUC-AMMS-2014-501) .
Immunofluorescence labeling
Under deep anesthesia, the macaques were perfused with saline solution and then 4% formaldehyde in ice-cold phosphate buffer. The different regions of the neocortex (Additional Figure 1 ) and subventricular zone (SVZ) were dissected and post-fixed for 4 hours in 4% formaldehyde, and then transferred to 20% sucrose solution overnight at 4°C. Frozen sections were cut at 20-μm-thickness, 28 sections/ series, and incubated in phosphate-buffered saline (PBS) containing 4% donkey serum, 0.3% bovine serum albumin and 0.3% Triton at room temperature for 2 hours. These sections were then incubated with different DCX antibodies, including Ab18723-1 (1:1000), Ab18723-2 (1:2000), 4064 (1:400; Cell Signaling Technology, Danvers, MA, USA), Sc-8066 (1:100) and Sc-271390 (1:100) (Additional Table 1 ), for 24 hours at 4°C, followed by three washes in PBS for 10 minutes each. Afterwards, the sections were incubated with the corresponding Alexa Fluor-conjugated secondary antibodies (unadsorbed or adsorbed) for 2 hours, washed three times in PBS, stained with Hoechst 33258 (Lot No, B28838; Sigma-Aldrich, St. Louis, MO, USA) or DAPI (Lot No, D9642, 1:1000; Sigma-Aldrich) for 10 minutes, and mounted using F4680 Fluoromount Aqueous mounting medium (Lot# SLBQ2436V, Sigma-Aldrich) to prevent fluorescence quenching.
Adsorption of antibodies with tissues and antigens
Tissue adsorption with DCX antibodies was performed using adult rat cortex sections. Adult rats were first perfused with saline solution and then 4% formaldehyde in ice-cold phosphate buffer for 2 hours. The brains were then removed and post-fixed in the same solution for 4 hours, and then transferred to 20% sucrose solution overnight at 4°C. The cerebral cortices were dissected under an anatomical microscope to eliminate subcortical tissue. After 20-μm sectioning, horizontal or coronal, the frozen cortical sections were permeabilized in 1% Triton X-100 for 1 hour, and then incubated with the antibody working solutions for 6 hours. Cortical sections that had been incubated with the primary antibodies were labeled with secondary antibody and examined under the fluorescence microscope. The whole process (Additional Figure 2 ) was repeated once more until no immunofluorescence labeling was present on the sections. Frozen cortex and SVZ sections of the rhesus monkey were stained with several combinations of primary and secondary antibodies with or without rat brain tissue adsorption.
Antigen adsorption experiments were conducted with antibodies ab18723-1 and ab18723-2 (Abcam, Cambridge, MA, USA). Human DCX peptide (Lot: GR3178653-2, ab19804, Abcam, working concentration 0.5 ng/μL) was applied to an appropriate concentration (less than 2 ng/μL) of antibodies at room temperature for 4 hours. The adsorbed and unadsorbed antibodies were then used to label the adjacent sections of the cerebral cortex of the adult macaque for 12 hours, followed by the corresponding fluorescein-conjugated secondary antibodies (ab150072 or A11036).
DCX primary antibody omission experiment
To test for non-specific labeling by secondary antibodies, nine different secondary antibodies (Additional Table 1 ) were pre-adsorped with the rat cortex sections, as described above. The adjacent sections of the cerebral cortex of the adult macaque were incubated with NeuN antibody (mouse monoclonal NeuN antibody ab104224; working dilution 1:500; Abcam) and the corresponding secondary combinations, Ab181289 (1:200, green, donkey anti-mouse IgG conjugated with Alexa Fluor 488; Abcam) and one of five unrelated secondary antibodies (red), Ab150131 (1:200, donkey anti-goat IgG H&L (Alexa Fluor 647)), Ab150112 (1:200, donkey anti-mouse IgG H&L (Alexa Fluor 594)), Ab150072 (1:200, donkey F(ab')2 anti-rabbit IgG H&L (Alexa Fluor 594)), A11031 (1:500, goat anti-mouse IgG (H+L) highly cross-adsorped secondary antibody (Alexa Fluor 568)) or A11036 (1:500, goat anti-rabbit IgG (H+L) highly cross-adsorped secondary antibody (Alexa Fluor 568)), that had been adsorbed or unadsorbed with rat cortex sections. Alternatively, the adjacent cortex sections were labeled with NeuN antibody (ab104224, Abcam), and then with the corresponding adsorbed or unadsorbed secondary combinations (Ab150112, donkey anti-mouse IgG H&L (Alexa Fluor 594; red)) and either Ab181289 (1:200, donkey F(ab')2 anti-mouse IgG H&L (Alexa Fluor 488; green)), Ab181346 (1:200, donkey F(ab')2 anti-rabbit IgG H&L (Alexa Fluor 488)), A11029 (1:500, goat anti-mouse IgG (H+L) highly cross-adsorped secondary antibody, (Alexa Fluor 488)) or A11034 (1:500, goat anti-rabbit IgG (H+L) highly cross-adsorped secondary antibody (Alexa Fluor 488)). All the sections were mounted with an anti-quenching agent, F4680 Fluoromount Aqueous mounting medium (Lot# SL-BQ2436V, Sigma-Aldrich).
Antibody-free experiments
Adjacent cryostat sections of the adult macaque cortex were mounted using F4680 Fluoromount Aqueous mounting medium (Lot# SLBQ2436V, Sigma-Aldrich) with a cover glass immediately after slicing, without any other treatment. Alternatively, the adjacent sections were incubated with the diluents without primary or secondary antibody for 4 hours, and then mounted as above.
The results were observed under a microscope (BX50; Olympus, Tokyo, Japan). Immunofluorescence images were captured on a confocal microscope (880; Zeiss, Oberkochen,
Germany). The spectral analysis of fluorescence points and the adjustments of brightness and contrast were performed using the same software. All images in the same figures were adjusted with identical contrast and brightness settings.
Data acquisition
Spectral analysis was performed with the Zeiss laser confocal microscope (880; Zeiss). The fluorescence intensity was directly assessed under a fluorescence microscope (Olympus), and the data were confirmed by spectral analysis.
western blot assay of the adult macaque tissues
Under deep anesthesia, the skin, skull and meninges of the rhesus monkey were quickly opened, and the brain was removed under a stereomicroscope. The anterior central gyrus and the medial regions of the prefrontal cortex (cerebral gyri on both sides of the anterior central longitudinal sulcus) were removed. Subcutaneous tissues around the cortical regions were carefully removed under the anatomical microscope. The SVZ of the lateral ventricle was also separated under the operating microscope. For western blot assay, tissues from the cortex and SVZ were homogenized in lysis buffer (RIPA R0278, Sigma-Aldrich; protein inhibitor 04693159001, Roche, Hertfordshire, UK), and 25 μg of total protein was loaded on the gel. The blots were incubated with primary antibodies against DCX, 4604S (Cell Signaling Technology), sc-8066 and sc-271390 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), ab18723 (Lot# GR281032-1 and GR3224908-1, Abcam; with or without tissue-adsorption) or cofilin (10960-1-AP, Proteintech, Chicago, IL, USA) at 4°C overnight, followed by incubation with the corresponding secondary antibody (HRP-conjugated, Proteintech) for 1 hour at room temperature. Membranes were exposed to enhanced chemiluminescence reagents (Beyotime, Nantong, China) and visualized using ImageQuant LAS 500 (GE, Fairfield, CT, USA).
Data analysis
Six to nine randomly selected fields were captured on a laser confocal microscope (880; Zeiss) for each slice. The number of positive cells was counted with ImageJ (Jensen, 2013) and Fiji (Schindelin et al., 2012) software packages using point picker or particle analysis (Drury et al., 2011; Vayrynen et al., 2012; Diem et al., 2015) . A uniform background was acquired through shading correction (Model and Burkhardt, 2001) . The percentage of DCX-positive cells was calculated as (DCX-positive cell count/neuron count) × 100.
Results
Comprehensive analysis of the distribution of DCX-positive neurons in adjacent sections of the cortex and SVZ in the adult macaque
The adjacent frozen sections were incubated with different commercial DCX antibodies and corresponding fluorescein-conjugated second antibodies (Additional Table 1 ) under the same conditions. In sections incubated with primary antibody ab18723-1 (Lot. GR281032-1; Abcam) and secondary antibody A11036 (Thermo Fisher Scientific, Waltham, MA, USA), a large number of DCX-positive neurons with medium fluorescence intensity (86% of total cortical neurons) were observed throughout the cortex (Table 1) .
In the adjacent sections incubated with DCX antibody ab18723-1 and secondary antibody ab150072 (Abcam), comparatively stronger fluorescence was seen in almost all neurons (98%) and their protuberances in laminae II-VI of the cortex, especially in pyramidal cells in laminae III and V ( Figure 1A, Table 1 , and Additional Figure 3A) .
In the adjacent sections incubated with DCX antibodies ab18723-2 (Lot. GR3224908-1; Abcam) and the corresponding secondary antibody, ab150072, medium intensity fluorescence was observed in 46% of perikarya and thick protuberances in layer V of the cortex (Figure 1A , Table 1 , and Additional Figure 3B ).
In adjacent sections incubated with DCX antibodies ab18723-2 and secondary antibody A10036, a similar distribution of DCX-positive cells (37%), but with weaker fluorescence, was observed in the cortex.
In adjacent cortical sections incubated with DCX primary antibody 4604S (Cell Signaling Technology) and secondary antibody ab150072, weak fluorescence was visible in a few perikarya (3.5%) in layers III and V ( Figure 1A , Table 1 , and Additional Figure 3C) .
In sections incubated with 4604S and A11036, the percentage of DCX-positive neurons was smaller (0.2%), and red fluorescent signals (appearing as granules and lumps) were much weaker in the perikarya (Table 1) of pyramidal cells in laminae III and V.
In sections incubated with DCX antibody sc-271390 and secondary antibody ab150112 (Additional Table 1 ), only a few cells (0.5%) with weak fluorescence signals were detected in the cortex.
In adjacent sections incubated with DCX antibody sc-271390 and A11031 (Additional Table 1 ), the contours of perikarya with very weak fluorescence ( Figure 1A , Table  1 , and Additional Figure 3D ) were observed. In adjacent sections incubated with DCX antibody sc-8066 and corresponding secondary antibody Ab150131 (Additional Table  1 ), a similar result was found.
In the controls, strong fluorescence was found in sparse cell-like structures in the SVZ ( Table 1 and Interestingly, all DCX-positive signals, whether strong or weak, were co-localized with the neuron-specific nuclear protein NeuN, a marker of mature neurons, in the perikarya of cortical neurons (Figure 1A and Additional Figure 3) , but not in the cells of the SVZ (Additional Figure 3) . In addition, the strong fluorescent clusters and dispersed particles were also co-localized in NeuN-positive perikarya mainly in layers III and V of the cortex for all antibody combinations (Figure 1A, B and Additional Figure 3) . To further charac- 
*There were no significant differences between SC-271390 and SC-8066. "+, ± and -": Fluorescence intensity from observation and spectrometric determination. "±" Indicates that the outlines of the perikarya were weakly immunolabeled or that the immunofluorescence was only slightly above background in subsequent quantitative spectroscopy examinations. DCX: Doublecortin; SVZ: subventricular zone.
terize these strong fluorescent signals, in situ spectral analysis of neuron perikarya was performed. When the excitation wavelength was 488 nm or 561 nm, the emission wavelengths of the strong fluorescent masses in the perikarya ranged from 500 nm or 568 nm to infrared (Figure 1B and Additional Figure 3B) , which is far beyond the emission range of fluorescein-conjugated secondary antibodies (Additional Table 1 ). The broad spectrum of the emitted light is characteristic of autofluorescence.
Tissue adsorption of DCX primary antibodies
To examine the specificity of the DCX antibodies, pre-adsorption experiments were performed with the four different DCX primary antibodies and corresponding secondary antibodies ( Table 1) . The antibodies were pre-incubated with rat cortex sections. Then, adjacent cryostat sections of adult rhesus cortices were incubated with the various combinations of DCX primary antibody (Ab18723-1, Ab18723-2 and 4604 (adsorbed or unadsorbed; Cell Signaling Technology)) and Alexa Fluor-conjugated secondary antibody (adsorbed or unadsorbed). The immunofluorescence signals almost completely disappeared in the cortex, except for the fluorescence granules and clusters shown to be autofluorescence artefacts (Figure 2A and Table 1 ). On some adjacent sections incubated with the adsorbed DCX antibody and the unadsorbed secondary antibody, a few cells with weak fluorescence were observed (Table 1) , which we subsequently show to be caused by non-specific binding by the secondary antibody. When incubated with the tissue-adsorped DCX antibody sc-271390 and the corresponding tissue-adsorped secondary antibody A11031 (Thermo Fisher Scientific; Additional Table 1) or ab150112, red fluorescence was undetectable ( Table  1) . The same results were obtained for the six cortical regions that were examined (Additional Figure 1) . As control, SVZ sections were labeled with the same primary and secondary antibodies with or without adsorption (Figure 2B and Table 1 ). When the spectral characteristics were compared, an overall attenuation in background signal was detected, with a rather small loss in DCX immunofluorescence intensity after pre-adsorption ( Figure 2B and Table 1 ).
Antigen neutralization of DCX primary antibodies
Antigen neutralization experiments with DCX antibodies were carried out by incubating DCX antibodies ab18723-1 and ab18723-2 with their corresponding antigen (Additional Table 1 ). In sections treated with these antigen pre-adsorped antibodies, most of the putative DCX immunoreactivity in the cortex decreased significantly, but remained at a moderate intensity (Figure 3a-c and Table 1 ). In comparison, no DCX-positive labeling was detected in the SVZ (Figure 3d and Table 1), confirming that the DCX antibody had been adsorbed completely by DCX antigen. To exclude non-specific immunolabeling caused by other factors, the pre-adsorbed secondary antibodies were matched with the antigen-neutralized DCX antibodies for staining. The intensity of the red fluorescence was further reduced, but was still significantly higher than the background fluorescence (Figure 3e-i and Table 1 ), indicating that partial cross-reactivity remained.
DCX primary antibody omission experiments
The fluorescence in a few cortical neurons was weak but still discernible in adjacent cortex sections incubated only with secondary antibodies ab150112, ab150131 and ab150072 (Figure 4A, Additional Figure 4A and Additional Table 2 ). When the sections were incubated with ab150112, ab150131 and ab150072 pre-adsorped with rat cortex sections, the fluorescence signals became weaker and closer to background (Figure 4B, Additional Figure 4B and Additional Table 2 ). Spectral analysis of the fluorescence showed that the intensity of the emissions was very similar to background (Figure  4) . When the adjacent sections were incubated with the six remaining secondary antibodies (ab181289, ab181346, A11029, A11031, A11034 and A11036), the fluorescence was weaker and barely distinguishable (Additional Table 2 ).
Primary and secondary antibody omission experiments
To further characterize the fluorescence particles and clusters in the cortical neurons, adjacent sections of the adult macaque cortex were mounted directly and immediately after slicing without any other treatment (Figure 5A) or only incubated in the serum diluent without any antibody (Figure 5B) . The strongly fluorescent particles and clusters still persisted in the perikarya of the cortical neurons ( Figure  5A and B) . When excited at 488 nm and 561 nm, the fluorescence intensity of these scattered signals within the perikarya was much higher than that of the large masses. The former was also difficult to quench by laser during scanning and observation (Figure 5C ).
Comparison of antibodies on western blot of the adult macaque brain
DCX antibodies from different companies or with different product or batch numbers were used for immunohistochemistry of the cortex and SVZ from six monkeys (Figure 6A) . There was a clear band around 45 kDa in the SVZ. The same band was barely visible in the cortex when incubated with the antibodies mentioned above.
Next, we examined each antibody for specificity using hippocampus, cortex and SVZ from six monkeys, using 25 μg of total protein per lane. Apart from the presence of the 45 kDa predicted band, Ab18723-1 produced bands at 100 and 150 kDa as well. Ab18723-2 labeled bands at over 150 and 75 kDa (Figure 6B) . These extraneous bands were not found in blots of P0 brain tissues incubated with Ab18723-1. Other antibodies did not produce extraneous bands.
Tissue pre-adsorption was used on antibodies Ab18723-1 and Ab18723-2. The latter as then used for western blot assay as described above. Bands around 45 kDa were no longer detected with either Ab18723-1 or Ab18723-2 adsorbed antibody. Extraneous bands around 150 kDa for Ab18723-1 and over 150 kDa for Ab18723-2 were attenuated but still visible (Figure 6C) . Neural Regen Res 15 (7): 1290-1299. doi:10.4103/1673-5374.272610 Antibody combination
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Discussion
Comparative distribution of DCX-positive cells in adjacent sections of cortex and SVZ reveals the presence of antibody cross reactivity
Five DCX antibodies from different companies were used in our experiments for immunohistochemistry of adjacent sections of the neocortex and the SVZ of the adult primate (Kriegstein and Alvarez-Buylla, 2009; Kelsch et al., 2010) . Their abilities to recognize DCX proteins have been confirmed by their identical staining of the SVZ. Therefore, the differences in labeling among the different DCX antibodies in adjacent cortex sections indicate non-specificity of some of these antibodies. The differential cortical DCX staining obtained with different batches of the polyclonal antibodies ab18723-1 (Lot. GR281032-1) and ab18723-2 (Lot. GR3224908-1) is another example of antibody cross reactivity. Although in western blot assay, the different antibodies all successfully detected DCX at the predicted molecular weight, their specificity varied when the whole membrane was used in imaging development. Some high molecular weight bands detected by one DCX antibody (Abcam) appear to be non-specific. The molecular weights of these extraneous bands differ between antibody batches but remain consistent across tissues and experimental conditions. In addition, the degree of non-specificity seems to vary among species. Only a weak non-specific band appears in western blot assay using brain tissues from P0 rat. Given the large difference in DCX expression between newborn rats and adult monkeys, attention should be paid to the non-specificity of DCX in the macaque. It is worth noting that these antibodies have been validated by western blot assay and immunohistochemistry by the antibody company in these two species. The unexpected non-specificity might be the result of inadequate optimization of antibodies for different species in antibody production.
Antibody adsorption experiments confirm the presence of antibody cross reactivity
To further confirm the cross reactivity in the cortex sections, tissue adsorption and antigen neutralization experiments were performed. As the DCX protein sequence used for antibody preparation is highly conserved across species, we chose rat cortex to conduct tissue adsorption. Because the structure of the parietal cortex of the rat brain is relatively flat without any sulcus or gyrus, it is easily separated from the subcortical structures, thereby avoiding the potential impact of neurogenesis. Another reason for using rat cortex is their low non-specificity based on the result of western blot assay. DCX-positive labeling disappeared in cortical neurons but remained in the SVZ, demonstrating that the antibodies contained components that reacted with cortical tissues.
When using pre-adsorbed antibody Ab18723-1 and 2 for western blot, the predicted DCX band (40-45 kDa) disappeared in every lane, while the non-specific band was attenuated but not completely eliminated. This indicates that DCX is expressed in adult rat and monkey cortex, but at extremely low levels. Indeed, we failed to find any DCX-positive cell in monkey cortex during the whole experiment. The non-specific band could not be completely blocked by pre-adsorption, suggesting that the non-specificity varies among species.
There was no DCX-positive labeling in the SVZ sections labeled by DCX antibodies ab18723-1 and ab18723-2 that had been pre-incubated with DCX antigen, suggesting that the antibodies against DCX had been completely bound by DCX antigen. However, while the intensity of the fluorescence in the cortex decreased significantly, it remained visible. Although the fluorescence intensity in the cortex was reduced further when tissue pre-adsorbed secondary antibodies were used, the DCX signal was still distinguishable from background. These results suggest the presence of three types of IgG in the DCX antibodies: (1) Specific IgG binding only DCX, (2) IgG binding to DCX as well as some component of cortical neurons, and (3) IgG binding only to cortex neurons by cross-reaction even after antigen neutralization.
Other factors affecting the immunofluorescence results
In DCX antibody omission experiments, weak fluorescence still appeared in a few cortical neurons, and become weaker or even disappeared when tissue pre-adsorped secondary antibodies were used. This indicates the presence of non-specific reactivity in the Alexa Fluor-conjugated secondary antibodies that could result in staining artefacts.
Tissue autofluorescence is common in biological observations, and many factors can contribute to this phenomenon (Barnes et al., 2011; Reinert et al., 2011) . In the current study, autofluorescence was demonstrated by the following evidence:
(1) Fluorescent clusters were present in the sections with or without antibody treatment, especially in sections that were directly mounted after cutting; (2) The emission wavelength of the fluorescent cluster was far beyond the range of fluorescein emission wavelength; and (3) The mass's fluorescence was not easily quenched by laser under the confocal microscope. It is likely that this autofluorescence could be mistaken for DCX immunofluorescence, and therefore may confound the study of neurogenesis in the cerebral cortex.
Interpretation of previous investigations of the DCX-positive cells in the adult primate cerebral cortex
When reviewing previous reports on neurogenesis in the neocortex, we were astonished to learn that the distribution of DCX-positive immature neurons in the adult neocortex of primates varied greatly among the papers, which prompted us to take a closer look at the experimental methods used. Most previous studies on DCX-positive immature neurons in the adult cortex were based on immunoenzymatic methods (Qin et al., 2000; Cai et al., 2009; Zhang et al., 2009; Bloch et al., 2011; Fasemore et al., 2018) . However, excessive development of the enzyme reaction may strengthen the original weak immunolabeling caused by cross-reactivity of antibodies, resulting in signal artefact. Indeed, in some reports, almost all the neurons, including pyramidal cells in the cerebral cortex, of adult primates were labeled by DCX antibody (Qin et al., 2000; Bloch et al., 2011) . The situation might be improved with slice pre-treatment with NaBH4 for enhanced specificity and intensity of the signal (Moreno-Jimenez et al., 2019) . Furthermore, the specificities of primary and secondary antibodies should be investigated in advance, as potential non-specificity and cross reactivity with tissues and other applied antibodies are a rather common phenomenon, especially for polyclonal antibodies (Harris et al., 1997; Craig et al., 1998) . One should also be aware of spontaneous autofluorescence in the cortex. The impact of these potential artefacts should be taken into consideration and eliminated by setting up multiple control groups.
In addition to DCX, a marker of postmitotic neuronal progenitor cells and early immature neurons (Brown et al., 2003; Ehninger and Kempermann, 2008) , various other biomarkers are specifically expressed during adult neuronal proliferation. These include the neural cell adhesion molecule PSA-NCAM and the neuronal determination protein NeuroD, both of which are usually expressed in the late phase of neurogenesis (Seki, 2002a, b; von Bohlen und Halbach, 2011) . In our study, DCX was chosen because of its continuous expression during the intermediate progenitor cell stages, as it is expressed in type-2a, 2b and type 3 cells (Brandt et al., 2003; Brown et al., 2003; Filippov et al., 2003) . The various stages of neurogenesis can be studied using a combination of these markers.
In summary, the putative DCX-positive neurons in the adult primate neocortex detected by immunofluorescence are likely artefacts caused by cross reactivity of the DCX primary antibodies, non-specific labeling by secondary antibodies or autofluorescence. DCX expression in the adult mammalian cortex might be much lower than previously reported.
Figure 3 Antigen adsorption of DCX antibodies.
Antibody combination of the antigen-adsorbed DCX antibody ab18723-1 and the secondary antibody ab150072 (unadsorbed) was first used to label the adjacent sections of the cortex and subventricular zone. Panel a is taken from the fifth layer of the cortex (Additional Figure 4 ) to show the NeuN/DCX double-labeled neurons (yellow arrows). In b and c image series from the white boxes in panel a, DCX immunoreactivity (red) was reduced after adsorption, but medium intensity red fluorescence persisted. Panel d shows no DCX-positive labeling in the subventricular zone after the DCX antibody was adsorbed by DCX antigen. To distinguish the source of red fluorescence that remains after DCX antibody adsorption, the adjacent sections of adult macaque cortex were immunolabeled with the antigen-adsorbed DCX antibody (ab18723-1) and the secondary antibody (ab150072) that had been pre-adsorbed with a rat cortex section. Panel e shows the localization of the tested neuron in the cortex (white box). Panels f and h show the spectral features of the images in g and i, respectively. In graph g and i, small boxes in different colors represent the locations of spectral analysis spots. Red: Autofluorescence; green, blue and yellow represent immunofluorescence from the tested sites; light blue: the background. In these sections labeled by antigen pre-adsorbed DCX antibody, the immunofluorescence intensity of some neurons is still higher than the background, indicating the presence of cross reactivity. showing the non-specificity of DCX antibodies. Different batches of Ab18723 were used to detect the target protein from monkeys. A total of 25 μg protein from the hippocampus, cortex and SVZ of rhesus macaques were loaded per lane. The blot was cut for antibody incubation and the strips were aligned before image development. Protein bands not mentioned in the antibody datasheet were observed in monkeys but not in rats. The molecular weight of those bands differed between batches. (C) The non-specific band could not be completely blocked by pre-adsorption. Tissue pre-adsorbed DCX antibodies Ab18723-1 and 2 were used to detect DCX in 6 μg total brain protein from P0 rat and 25 μg total protein from the hippocampus, cortex and SVZ of adult rhesus macaques. 
